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Summary
Cox17 is a key mitochondrial copper chaperone in-
volved in the assembly of cytochrome c oxidase (COX).
The NMR solution structure of the oxidized apoCox17
isoform consists of a coiled-coil conformation stabi-
lized by two disulfide bonds involving Cys26/Cys57
and Cys36/Cys47. This appears to be a conserved terti-
ary fold of a class of proteins, localized within the
mitochondrial intermembrane space, that contain a
twin Cys-x9-Cys sequence motif. An isomerization of
one disulfide bond from Cys26/Cys57 to Cys24/Cys57 is
required prior to Cu(I) binding to form the Cu1Cox17
complex. Upon further oxidation of the apo-protein, a
form with three disulfide bonds is obtained. The re-
duction of all disulfide bonds provides a molten glob-
ule form that can convert to an additional conformer
capable of binding up to four Cu(I) ions in a polycop-
per cluster. This form of the protein is oligomeric.
These properties are framed within a complete model
of mitochondrial import and COX assembly.
Introduction
Eukaryotic cytochrome c oxidase (COX), which is the
terminal enzyme of the energy-transducing respiratory
chain of cells, is embedded within the mitochondrial
inner membrane with a portion of the molecule protrud-
ing into the intermembrane space (IMS) (37 Å) and a
portion extending into the matrix (32 Å) (Tsukihara et
al., 1995). Mammalian COX is a 13 subunit complex of
200 kDa that exists as a larger dimeric unit (Tsukihara
et al., 1995; Musatov and Robinson, 2002). Biochemical
studies of COX-deficient patients suggest that a failure
to assemble the holoenzyme might underlie the major-
ity of inherited COX deficiencies (Poyton, 1998; Shou-
bridge, 2001).
The assembly of COX is dependent on the insertion
of several cofactors necessary for function, including
two hemes, three copper ions, zinc, magnesium, and
sodium ions. Subunit 1 (Cox1) contains two heme a co-
factors, one of which interacts with a mononuclear
copper site (designated Cu ), forming a heterobimetal-B*Correspondence: bertini@cerm.unifi.it (I.B.); dennis.winge@hsc.
utah.edu (D.R.W.)lic active site (heme a3-CuB). Subunit 2 (Cox2) contains
two copper ions in a binuclear center (designated CuA).
Over 30 accessory proteins are necessary for the
proper assembly of the enzyme complex (Tzagoloff and
Dieckmann, 1990; Barrientos et al., 2002). The func-
tional role of these accessory factors in the assembly
of COX concerns the formation and insertion of heme
a, the delivery and insertion of metal ions to the site of
COX assembly, and the final maturation of the complex.
Five proteins (Cox11, Cox17, Cox19, Cox23, and Sco1)
have been implicated in copper ion insertion into COX
(Carr and Winge, 2003). Cox17 is a soluble metal-
lochaperone localized both in the cytosol and in the
mitochondrial IMS (Beers et al., 1997), whereas Sco1
and Cox11 function downstream as membrane proteins
in copper insertion into CuA and CuB, respectively. Cox17
was first identified as part of a genetic screen for yeast
mutants defective in COX activity (Glerum et al., 1996).
Yeast cells lacking the COX17 gene are respiratory defi-
cient. These phenotypes are reversed by the addition
of copper salts to cells (Glerum et al., 1996). The yeast
protein consists of 69 residues, including 7 cysteines,
6 of which are conserved in homologous sequences
from other organisms.
Characterization of purified recombinant yeast Cox17
revealed Cu(I) binding in a polycuprous-thiolate cluster,
as shown by EXAFS data (Heaton et al., 2001). The cluster
exhibits predominantly trigonal Cu(I) coordination by cys-
teinyl thiolates (Heaton et al., 2001). Recently, electro-
spray ionization mass spectra (ES-MS) on the porcine
homolog of Cox17 indicate that Cu(I) binding depends
on the oxidation state of cysteines (Palumaa et al.,
2004). The fully reduced Cox17 binds cooperatively four
Cu(I) ions (Cu4Cox17) in a solvent shielded cluster,
whereas the partially oxidized form containing two di-
sulfide bonds binds only one Cu(I) ion (Cu1Cox17). The
fully oxidized form with three disulfide bonds is unable
to bind Cu(I) (Palumaa et al., 2004). The structure of the
Cu1Cox17 complex was recently reported and shows
the protein to adopt a helical hairpin structure (Abajian
et al., 2004). The major question arises of whether the
physiological form of Cox17 that donates Cu(I) is the
Cu1 conformer or the polycuprous conformer.
In this paper, we report a folding study of the wild-
type (WT) form and the C23,24S mutant of Cox17, and
we show that Cox17 can exist in multiple conforma-
tions. The apo-proteins contain a C-terminal coiled-
coil-helix-coiled-coil-helix (CHCH) domain stabilized by
two intramolecular disulfide bonds between two pairs
of cysteines forming a twin Cx9C motif. This twin Cx9C
motif is found in a series of mitochondrial proteins lo-
calized within the IMS, among which are two other IMS
proteins involved in COX assembly, Cox19 (Nobrega et
al., 2002) and Cox23 (Barros et al., 2004). This motif is
also found in Mia40 (Tim40) that is essential for the im-
port of Cox17 and Cox19 into the IMS (Chacinska et
al., 2004; Naoe et al., 2004). The Cox17 structure ap-
pears to represent a conserved novel structural motif
for IMS proteins.
Two Cu conformers of Cox17 are presently reported.
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conformer (Abajian et al., 2004), except that the present
conformer is constrained by two disulfide bonds. For-
mation of the Cu1 conformer requires a disulfide isom-
erization. In addition, the reduced Cox17 can bind the
polycuprous cluster that is stabilized in an oligomeric
structure. The results presented therein acquire novel,
to our knowledge, significance in the light of the pres-
ent folding studies, which demonstrate that the cys-
teine redox state is essential in modulating the struc-
tural and copper binding properties of Cox17.
Results
Sequence Analysis
Cox17 genes are present in all eukaryotic genomes fully
sequenced to date. All of the sequences have >30%
residue identity to yeast Cox17. No Cox17 homologs
are found in prokaryotes (Arnesano et al., 2005). Multi-
ple sequence alignment (Figure S1; see the Supple-
mental Data available with this article online) shows
that six cysteines, corresponding to residues 23, 24, 26,
36, 47, and 57 in yeast Cox17, are fully conserved. The
first three cysteines constitute the consensus motif
essential for metal binding, as their mutations produce
proteins unable to bind copper (Heaton et al., 2000).
Conformational Analysis
The 1H-15N HSQC spectrum of yeast WT apoCox17 in
1 mM dithiothreitol (DTT) is reported in Figure 1A (red
Fcontours) with a good spreading of signals, typical of
(proteins with a structural organization. When the sam-
1
ple is freshly prepared, a second set of signals is ob- (
served for a number of residues. This minor form con- (
verts with time into the major one in the presence of 1
mM DTT. The same behavior is observed when other
reductants are used. In 2 mM Tris(2-carboxyethyl)phos-
phine hydrochloride (TCEP), the protein shows an NMR
spectrum with a single species that is identical to that
in the presence of 1 mM DTT. At higher concentrations
of either DTT or TCEP (w10 mM), all signals in the
HSQC spectrum are clustered in a spectral region typi-
cal of unfolded polypeptides (amide proton resonances
clustered between 8 and 8.5 ppm) (Figure 1A, blue con-
tours). Furthermore, to show that the unfolding is due to
disulfide bond reduction and not to the high reductant
concentrations, the reductant was diluted back under
strictly anaerobic conditions. Even at 1 mM reductant
concentration, the protein remains in an unfolded state.
In order to obtain insight on the secondary structure
of Cox17, we used circular dicroism (CD) spectroscopy.
The CD spectra of WT Cox17, shown in Figure 2, were
measured in the presence of various concentrations of
DTT. At equimolar amounts of protein and DTT, Cox17
Fexhibits a spectrum characteristic of an α helix confor-
mation with double minima at 222 and 207 nm as well S
(as a maximum at 192 nm. The fitting indicates an
cα-helical content of 40% and a lower β strand content
m(18%) (inset of Figure 2). After overnight incubation with
s
ten-fold excess of DTT, the α and β contents are 34% t
and 13%, respectively, indicating a high propensity of l
Ythe protein to adopt an α-helical conformation even inigure 1. Effect of DTT on NMR Spectra of WT and C23,24S Cox17
A and B) Overlay of (A) 2D 1H-15N HSQC spectra of WT Cox17 in
mM DTT (red contours) and in 10 mM DTT (blue contours) and of
B) C23,24S Cox17 in 1 mM DTT (red contours) and in 10 mM DTT
blue contours).igure 2. Far UV CD Spectra of WT Cox17
pectra were recorded in equimolar amounts of protein and DTT
Cox17SS, solid curve), in 10-fold excess of DTT (Cox17SH, broken
urve), and in the presence of Cu(I) (Cu4Cox17, dotted curve) in 10
M sodium phosphate buffer (pH 7.0), 25°C. The inset shows the
econdary structure content of various forms of WT Cox17 as ob-
ained from the fitting by the DICROPROT software package (De-
eage and Geourjon, 1993) by using the least square method of
ang et al. (1986).
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presence of any disulfide bond.
Structural Characterization of apoCox17
The apo form of WT Cox17 was characterized in the
presence of 1 mM DTT, which gives the best signal dis-
persion in the 1H-15N HSQC spectra. In these condi-
tions, in addition to the set of well-dispersed signals,
some crosspeaks clustered in the central region of the
HSQC spectra are still observed for both proteins.
The backbone resonance assignment of WT Cox17
was obtained from the analysis of CBCANH and CBCA-
(CO)NH spectra, with the aid of CBCACO and HNCO
spectra. The signals of the backbone atoms were com-
pletely assigned from residue E3 to the C-terminal resi-
due, N69, except for residues 7–10 owing to extensive
overlap. The backbone resonances of about 15 resi-
dues at the N terminus correspond to the crosspeaks
clustered in the central region of the 1H-15N HSQC
spectrum and experiencing negative 15N{1H} NOE val-
ues, and therefore they were excluded from the analysis
of reorientational correlation time (see below). The assign-
ment of the side chain resonances was performed through
the analysis of 3D CC(CO)NH and (H)CCH-TOCSY spectra
together with 15N-NOESY-HSQC, 13C-NOESY-HSQC, 2D
NOESY, and TOCSY spectra. In total (residues 1–69),
about 90% of carbon atoms, 95% of nitrogen atoms,
and 91% of protons were assigned.
The chemical shift index (CSI) analysis (Wishart and
Sykes, 1994) and the 3JHNHα coupling constants (Vuister
and Bax, 1993), and the ratio of the intensities of the
dN(i-1,i) and dN(i,i) NOEs (Gagne' et al., 1994), indicate
that WT apoCox17 has two α-helical segments encom-
passing residues 27–39 (helix α1) and residues 48–60
(helix α2) (Figures 3A and 3B) and two short β strands,
involving residues 23–25 and 63–65. The rest of the pro-
tein is in a random coil conformation. Four cysteine res-
idues, i.e., C26, C36, C47, and C57, have Cβ chemical shift
values (Cβ26 = 37.9, Cβ36 = 35.6, Cβ47 = 34.9, and Cβ57 =
37.6 ppm) typical of cysteines engaged in disulfide
bonds (Sharma and Rajarathnam, 2000). The two vicinal
cysteines, C23 and C24, are instead reduced (Cβ23 =
25.2 and Cβ24 = 26.1 ppm) and are located at the end
of the disordered N-terminal tail, just before the begin-
ning of helix α1. It should be noted that C26 and C36,
which are at the N- and C-terminal ends of helix α1,
respectively, cannot form a disulfide bond between
them, as they are spatially separated by 9 residues,
corresponding to about 10 Å of helix length. Similar
considerations hold for C47 and C57, which are at the
two ends of the amphipathic helix α2. Therefore, two
interhelical disulfide bonds, which stabilize an α hair-
pin, must be present in WT Cox17.
The NOESY spectrum of WT apoCox17 displays only
850 NOE crosspeaks, which is significantly less than
would be expected for a protein of Cox17’s size. More
specifically, the aromatic region of the spectrum is not
greatly populated, and there are few NOEs arising from
side chain aliphatic methyl groups that typically exist in
the hydrophobic core. Nevertheless, sequential i and
i+1 NOEs are found from residue 3 to 6 and from 11 to
69 (Figure 3B). The ratio of the intensities of the
dN(i−1,i) and dN(i,i) NOEs (Gagne' et al., 1994) and thepresence of i to i+2 and i to i+3 NOEs indicative of heli-
cal structure are observed for those regions already
identified as helical from CSI and dihedral angles. On
the other hand, there are no characteristic long-range
NOEs between the two short β strands identified from
CSI. WT apoCox17 has indeed only 45 long-range
NOEs, most of which are between the two α helices. A
structure of WT apoCox17 was obtained by using 650
meaningful upper distance limits, 52 angle constraints
for 26 f and 26 ψ angles, and 35 proton pairs stereo-
specifically assigned. In addition, two disulfide bonds
between C36 and C47 and between C26 and C57 were
imposed, as suggested by the preliminary structural
models, by adding two lower and two upper distance
constraints of 2.0 and 2.1 Å, respectively, between the
Sγ atoms. The rmsd to the mean structure for the struc-
tured region of the protein (residues 20–69) is 0.79 ±
0.21 Å for the backbone and 1.16 ± 0.35 Å for all heavy
atoms. The mean structure is shown in Figure 3C to-
gether with a model for the fully reduced form, i.e.,
where the two disulfide bonds, stabilizing the α hairpin,
are broken.
Resonance assignment was also carried out for the
set of crosspeaks of the minor species observed in HSQC
spectra of freshly prepared samples of WT Cox17, be-
fore any addition of DTT (see above). These peaks also
appear when a sample of WT Cox17 in 1 mM DTT is
exposed to air oxidation. These peaks belong to an iso-
meric form of WT Cox17 with a different disulfide bond
pattern. As shown in the HSQC spectra (reported in Fig-
ure S2), C36 and C47 are not affected by air oxidation,
while C23, C24, C26, and C57 experience shift changes
with respect to WT Cox17 in 1 mM DTT. The values of
Cβ chemical shift (Cβ23 = 47.0, Cβ24 = 47.3, Cβ26 = 37.8,
Cβ36 = 35.6, Cβ47 = 34.9, and Cβ57 = 37.7 ppm) indicate
that all of these cysteines are oxidized, thus forming
three intramolecular disulfide bonds.
Studies were also conducted on the C23,24S double
mutant of Cox17. The C23,24S mutant in 1 mM DTT (Fig-
ure 1B) has an HSQC spectrum very similar to that of
the WT protein recorded in the same conditions, sug-
gesting similar structural properties between WT and
C23,24S Cox17. Also, the behavior at high DTT concen-
trations is the same, thus suggesting that the structures
of both proteins are stabilized by disulfide bonds,
which are broken by the addition of high concentrations
of reducing agent. The DTT-induced unfolding process
is reversible for both proteins, as once DTT is diluted
to 1 mM, the disulfide bonds are readily formed by air
oxidation and the HSQC spectra with well-dispersed
signals in their original positions are recovered.
The resonance assignment of C23,24S Cox17 was ob-
tained from that of WT Cox17 with only minor chemical
shift changes, mostly localized in the region of the
double mutation. Again, the residues C26, C36, C47, and
C57 are engaged in disulfide bonds as deduced from
their Cβ chemical shift values. Notably, 1H and 15N
chemical shifts of backbone amides of these residues
are very similar between C23,24S and WT Cox17 as
shown in the HSQC spectra (Figures 1A and 1B), thus
indicating an identical disulfide bond pattern of the two
proteins in 1 mM DTT. The second form of WT Cox17
consisting of three disulfide bonds is not, as expected,
observed in C23,24S Cox17.
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(A) Plot of chemical shift index of WT Cox17 in 1 mM DTT for the nuclei Hα, Cα, and Cβ.
(B) Schematic representation of the sequential and medium-range NOE connectivities involving NH, Hα, and Hβ protons for WT Cox17 in 1
mM DTT. The thickness of the bar indicates the intensity of NOEs.
(C) 3D structural models of WT Cox17 in the oxidized and in the reduced state. The sulfur atoms of C16, C26, C36, C47, and C57 are shown as
light-gray spheres, and those of C23 and C24 are shown as dark-gray spheres.Dynamic Properties c
oHeteronuclear relaxation rates on WT apoCox17 in 1 mM
DTT (Figure S3) indicate that the protein is in a mono- o
emeric state (reorientational correlation time, τm, = 4.9 ±
0.3 ns). Two residues in the C terminus and the residues o
eof the N-terminal region, with clustered crosspeaks, ex-
perience motions faster than the overall protein tum- r
cbling, while a few residues, mainly located in the coil
region between the two helices, are involved in confor- b
smational exchange processes in the s time range. The
relaxation rates on the backbone amide nitrogen atoms t
Tpoint to two distinct motional regimes for the first 20
amino acids and the rest of the protein. At variance with p
rthe N-terminal region, an essentially normal behavior
is observed for the majority of residues in the 20–67 t
segment. This observation rules out large subnanosec-
ond mobility as the primary reason for the lack of long- C
Wrange 1H-1H NOEs in the folded part of the protein. In-
deed, the number of short-range 1H-1H NOEs, which w
sare the most sensitive to mobility on this timescale, is
not far from the number expected for a protein of this a
osize. On the other hand, the number of long-range
NOEs is dramatically small, as only a very few residues a
sare involved in extensive conformational exchange pro-esses on the s timescale. Therefore, the low number
f long-range 1H-1H NOEs may be attributed to mobility
n the s-ns timescale. When multiple conformational
xchange processes occur on a timescale that is of the
rder of the reciprocal frequency separation, dramatic
xchange broadening may occur, which can easily
ender the 1H-1H NOEs unobservable, especially when
oalescence is approached. The resulting picture would
e that of a protein that has reasonably well-defined
econdary structural elements, but with a tertiary struc-
ure that is fluxional among different conformations.
he timescale of these processes, at the fields em-
loyed in the present work (500–800 MHz), would
oughly cover one order of magnitude, from about 1 ms
o 10 ms.
opper Binding Conformers
hen Cu(I) is added to the oxidized form of WT Cox17
ith two disulfide bonds, changes in 1H-15N HSQC
pectra are observed up to w1:1 metal:protein ratio,
nd atomic absorption measurements indicate binding
f 0.7 equivalents of copper (Cu1Cox17). Notably, C36
nd C47 do not experience any change in chemical
hift, while crosspeaks of C23, C24, C26, and C57, and of
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717other residues close to them, move to a different posi-
tion (Figure S4). From Cβ chemical shifts, one can con-
clude that Cu1Cox17 contains two disulfide bonds that
stabilize this conformer, in agreement with ES-MS
spectra of a Cox17 homolog (Palumaa et al., 2004).
Consistent with NMR data, the CD spectrum does not
indicate any significant change in the secondary struc-
ture content with respect to WT apoCox17 with two di-
sulfide bonds (data not shown).
The fully reduced form of WT Cox17 binds instead up
to four equivalents of Cu(I) ions (Cu4Cox17), as indi-
cated by atomic absorption measurements. This metal
stoichiometry is in agreement with that reported for re-
combinant yeast Cox17 (Heaton et al., 2001) and ES-
MS measurements on the fully reduced form of the por-
cine homolog (Palumaa et al., 2004). Addition of Cu(I)
ions leads to the appearance of an absorption band at
265 nm, which is characteristic of Cu(I)-thiolate charge
transfer transitions (Heaton et al., 2001). Fluorescence
spectra of Cu4Cox17 show a fluorescence emission
band at 585 nm, which indicates the presence of a Cu(I)
cluster in a solvent-shielded environment (Heaton et al.,
2001; Palumaa et al., 2004).
The fitting of the CD spectrum of Cu4Cox17 indicates
a decrease in α-helical content compared to the fully
reduced apo-protein (from 34% to 28%), and the ab-
sence of β sheets, with a concomitant increase in ran-
dom coil (reaching 72%), as evidenced by a reduction
of the negative band at 222 nm, by a reduction of the
positive band at 192 nm, and by a shift in the minimum
of ellipticity from 208 to 202 nm (Figure 2). Therefore,
Cu4Cox17 has little secondary structure. An estimate of
the hydrodynamic properties of Cu4Cox17 was ob-
tained from DOSY experiments (Wu et al., 1995) per-
formed on both apoCox17 and Cu4Cox17. By fitting the
experimental data to a biexponential function, a ratio
of 2.8:1 was found for the diffusion coefficients of the
two species, respectively. This translates to an increase
of the hydrodynamic radius of Cu4Cox17 of about three
times with respect to that of the apo form. This value is
an average of all of the conformations that are accessi-
ble to Cu4Cox17 and is consistent with the fact that
copper binding induces the formation of interconvert-
ing oligomeric species (Heaton et al., 2001), while the
apo protein is monomeric.
In the 1H-15N HSQC spectrum of Cu4Cox17, most of
the signals disappear (Figure S4S). Heteronuclear de-
tection of NMR spectra reduces the detrimental effect
of transverse relaxation. On this ground, a CBCACO ex-
periment for heteronuclear backbone assignment, re-
cently developed in our lab (Bertini et al., 2004; Bermel
et al., 2005), was acquired on both WT apo (red con-
tours) and Cu4Cox17 (blue contours) (Figure S5). As-
signment of these 2D spectra, where the CO is linked
to the Cα and Cβ nuclei, reveals that signals also disap-
pear for most of the 13C resonances of Cu4Cox17, with
the exception of the residues at the N- and C-terminal
ends of the protein. This effect is observed at different
temperatures, from 5°C to 40°C. Fluxionality among dif-
ferent quaternary arrangements in the ms timescales
may explain these observations, probably due to qua-
ternary contacts that may be formed transiently at the
expense of some intramolecular tertiary contacts.
Moreover, the copper cluster in Cu Cox17 may have a4highly dynamic character, in agreement with the ob-
served lability to ligand exchange reactions, using the
Cu(I) chelator bathocuproine sulfonate, with respect to
the copper cluster in metallothioneins (Heaton et al.,
2001). The N- and C-terminal ends, being highly dy-
namic, are not affected by oligomerization.
Discussion
The CHCH Structural Domain
The secondary structure elements of the mitochondrial
copper chaperone Cox17 are two α helices preceded
by two coiled-coil regions. This structural motif, con-
sisting of about 50 amino acids (from residue 20 to 69 in
yeast Cox17), can be described as a coiled-coil-helix-
coiled-coil-helix (CHCH) domain (Westerman et al.,
2004). A search in the Pfam database of protein families
(http://www.sanger.ac.uk/Software/Pfam/) reveals that
the CHCH domain is common to a number of mitochon-
drial proteins, including the Cox12 subunit of the COX
complex (Tsukihara et al., 1995), Cox19 (Nobrega et al.,
2002), and Cox23 (Barros et al., 2004) proteins, which
are involved in copper ion insertion into COX (Carr and
Winge, 2003), and Mia40, which is required for the im-
port of Cox17 and Cox19 into the IMS (Chacinska et al.,
2004; Naoe et al., 2004). Sequence alignment of yeast
Cox19 and Cox23 with yeast and human Cox17 is re-
ported in Figure 4 and highlights the conservation of
four cysteine residues organized in a twin Cx9C motif,
which are located at the N- and the C-terminal ends of
each helix of the CHCH domain. These four cysteines
can form two interhelical disulfide bonds, thus deter-
mining a close approach of the two helices in antiparal-
lel mode and α hairpin formation, as found in the Cox17
structure (Figure 3C).
Both natural and engineered α hairpins follow basic
design rules (Barthe et al., 2000). In fact, their formation
is primarily dependent on the presence of a heptad re-
peat sequence, denoted a b c d e f g (McLachlan and
Stewart, 1975), in which positions a and d are charac-
teristically occupied by hydrophobic residues, which
form the core of the helical coiled–coil; while the e and
g positions are often occupied by charged residues,
flanking the hydrophobic interface; and b, c, f are gen-
erally hydrophilic and exposed to the solvent. In the
case of Cox17, each of the two helices consists of two
heptad repeats, in which the extreme a and d positions
are occupied by cysteines of the twin Cx9C motif, which
are optimally spaced to form the two interhelical disul-
fide bonds that staple the α hairpin (Figure 4). The re-
maining a and d positions are occupied by E29 and the
fully conserved R33 of helix α1, and F50 and Y54 of helix
α2, which have a destabilizing effect on the α hairpin
due to the unfavorable interactions between aromatic
rings and charged side chains. The lack of a well-
packed hydrophobic core is consistent with a molten
globule conformation (Handel et al., 1993) in the apo
fully reduced state, and it justifies the small number of
long-range NOEs in NMR spectra of apoCox17 with two
disulfide bonds. In the light of the present observations,
the presence of the α hairpin is dependent on the for-
mation of these two disulfide bonds and is inconsistent
with a fully reduced protein, in contrast with what is
reported in Abajian et al., 2004.
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718Figure 4. Multiple Sequence Alignment of
Proteins Containing a CHCH Domain
The sequences of yeast and human Cox17,
and yeast Cox19 and Cox23, are shown in
the alignment. Residue numbering is referred
to the sequence of Cox17 from yeast. The
heptad repeats are indicated. The wheel dia-
gram of the two α helices of Cox17 is shown
at the bottom.The N-terminal region of Cox17 is basically unfolded, (
sas indicated by the clustering of crosspeaks of residues
1–19 in the middle of the HSQC spectrum, and by the b
Cnegative values of their heteronuclear 15N{1H} NOE.
Alignment of the yeast Cox17 sequence with homolo- r
sgous proteins from other organisms shows that the
N-terminal region is highly variable (Figure S1). Indeed, s
(a truncated form of yeast Cox17 lacking the N-terminal
nine residues is still functional (Maxfield et al., 2004), a
sas this region does not participate in copper binding in
the cases of Cu1Cox17 and Cu4Cox17, as shown by the
opresent work.
The two vicinal cysteines (C23 and C24) essential for t
fcopper binding are located between the unfolded
N-terminal region and the first helix of the CHCH do- h
smain. Under the same experimental conditions, C23,24S
Cox17 has the same secondary structure elements and t
edisulfide bond pattern of WT, indicating that C23 and
C24 are not essential for α hairpin formation. Cox19 and t
iCox23 lack these vicinal cysteines but are predicted to
have two interhelical disulfide bonds like C23,24S Cox17, 2
mas they also possess a twin Cx9C motif.
t
fModulation of Cysteine Oxidation and Metal Binding
oFreshly prepared samples of WT Cox17 are a mixture
pof two isomeric forms of the protein containing two and
cthree disulfide bonds, respectively, as indicated by the
cassignment of Cβ resonances of cysteines for both sets
bof signals observed in the NMR spectra. Crosspeaks of
mthe minor species correspond to the form with three
ddisulfide bonds, involving all six conserved cysteines of
sWT Cox17. In the presence of 1 mM DTT, this latter
mform rearranges into the major isomer in which C23 and
tC24 are reduced. The structural characterization of both
WT and C23,24S Cox17 in these mildly reducing condi-
tions points out the presence of two stable disulfide A
abonds, C26-C58 and C36-C47, which are likely to be typi-
cal of the entire class of CHCH domain proteins con- T
ctaining a twin Cx9C motif.
ES-MS studies show that the fully oxidized form of n
fCox17 does not bind metal ions, while the form with
two disulfide bonds binds a single Cu(I) ion (Palumaa o
met al., 2004). Peptides containing CxC and CxxC are
able to bind many metal ions, including Cu(I), but pep- m
atides containing two adjacent cysteines only bind Hg(II)DeSilva et al., 2002). Therefore, Cu(I) binding in Cox17
hould occur only upon rearrangement of disulfide
onds, i.e., breaking of C26-C58 and formation of C24-
58. This would enable C23 and C26, which are sepa-
ated by two residues, to bind Cu(I). The 1H-15N HSQC
pectrum of the Cu1Cox17 conformer is indeed very
imilar to the one recently reported by Abajian et al.
2004) for Cox17 binding a single Cu(I) ion through C23
nd C26, except that the present conformer is con-
trained by two, previously undetected, disulfide bonds.
The fully reduced form of WT Cox17 binds a cluster
f up to four Cu(I) ions. Full reduction is a slow process
hat requires overnight incubation of the protein in ten-
old excess of DTT. This induces disruption of the α
airpin structure and transition to a molten globule
tate of the protein (Figure 3C), as indicated by reduc-
ion of the NMR signal spreading and general coalesc-
nce of the signals in the HSQC spectra (Figure 1A). In
his state, the protein is able to bind a cluster of copper
ons, in agreement with ES-MS spectra (Palumaa et al.,
004), and tends to oligomerize, thus producing dra-
atic broadening of NMR spectra. CD data show that
he α-helical content of Cox17 decreases when disul-
ide bonds are reduced and the protein binds more than
ne mol equivalent of Cu(I) (Figure 2). A more flexible
olypeptide structure is probably required to bind a
luster of Cu(I) ions. On the other hand, the copper
luster compensates for the lack of a stable hydropho-
ic core in Cox17. The clustering of Cu(I) ions in Cox17
ay serve as a copper reservoir within the mitochon-
rial IMS for COX assembly, and the structural re-
traints imposed by copper coordination may deter-
ine changes on the protein surface that act as a
rigger for multimerization.
Model for Mitochondrial Import
nd Function of Cox17
he functionality of Cox17 when tethered to the mito-
hondrial inner membrane suggests that Cox17 does
ot shuttle Cu(I) ions across the outer membrane (Max-
ield et al., 2004). This implies that the primary function
f Cox17 is carried out within the IMS, where Cox17 is
etallated by using as a Cu(I) source the mitochondrial
atrix copper pool (Cobine et al., 2004). Cox17 can
lso be metallated within the cytosol, where it mediates
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719the Cu(I) metallation of a truncated Sco1 (Horng et al.,
2004). However, this transfer reaction does not have
any implications for a function of Cox17 within the cyto-
sol. The cytosolic protein might represent inefficient im-
port or retention within the IMS.
The glutathione redox couple (GSSG/2GSH), having
a standard reduction potential of EpH 7 = −240 mV and
a concentration far higher than other redox systems, is
mainly responsible for the cytosolic redox environment
(Schafer and Buettner, 2001). In a recent report, using
a glutathione-specific green fluorescent protein as a re-
dox probe, the reduction potential specifically of cyto-
solic glutathione was found to be −289 mV, correspond-
ing to GSH and GSSG in vivo concentrations of 13 mM
and 4 M, respectively (Ostergaard et al., 2004). Con-
sidering that the reduction potential EpH 7 of DTT is
−323 mV, the cytosolic redox environment has a reduc-
ing capacity (determined by the concentration of the
reduced species) comparable to that of 10 mM DTT,
while it is stronger than 1 mM DTT. The strong reducing
cytosolic environment likely keeps apoCox17 in the
fully reduced, molten globule state, permitting diffusion
through the mitochondrial outer membrane channels
(Figure 5).
Cox17 import was recently showed to be dependent
on the Mia40 (Tim40) protein that itself contains a twin
Cx9C sequence motif (Chacinska et al., 2004; Naoe et
al., 2004). Mia40 exists within the IMS and is anchored
to the mitochondrial inner membrane. It is essential for
the import of Cox17, Cox19, and the small Tim proteins
into the IMS. During import of these proteins, Mia40
forms a transient disulfide-linked intermediate with the
imported protein (Chacinska et al., 2004). After import
into the IMS mediated by Mia40, the four cysteines of
the twin Cx9C motif likely form two intramolecular disul-
fide bonds. Disulfide formation in Cox17 appears to be
essential to stabilize a conformer that is competent in
the binding of a single Cu(I) ion. A novel, to our knowl-
edge, observation from this work is the demonstrationFigure 5. Working Model of Mitochondrial
Import of Cox17 Mediated by Cysteine Oxi-
dation/Metalation
Abbreviations: IM, inner membrane; OM, outer
membrane; IMS, intermembrane space; TOM,
translocases of the outer membrane.that one disulfide in the oxidized apoCox17 protein re-
quires isomerization prior to Cu(I) binding. The C26-C58
disulfide pair requires conversion to a C24-C58 pair prior
to digonal Cu(I) binding to C23 and C26. It is not clear
whether the final Cu conformer of Cox17 retains the
two disulfide bonds. If the physiological Cu conformer
is the Cu1Cox17 complex, the disulfides are retained. If
the important conformer contains a higher Cu(I) stoichi-
ometry, one predicts that the disulfides are reduced in
this conformer.
Neither disulfide in Cox17 is essential for physiologi-
cal function. Individual Cys>Ser substitutions at C36,
C47, or C57 do not compromise in vivo function. Cells
harboring a Cox17 mutant with a double C36,47S substi-
tution are respiratory competent and have nearly WT
COX activity (Heaton et al., 2000). C24 is essential for
Cox17 function, although its disulfide partner, C57, is
not essential. This observation suggests that C24 is im-
portant in Cu(I) ligation in the conformer containing a
Cu(I) stoichiometry greater than one.
Coiled-coil domain proteins have a propensity to
oligomerize. The known oligomerization of Cox17 in vi-
tro may suggest that heterodimerization may also oc-
cur with another coiled-coil protein containing a twin
Cx9C motif. One candidate is the Cox19 assembly pro-
tein. A second candidate is the Cox12 subunit of COX
that docks to the Cox2 subunit, which contains the CuA
site (Tsukihara et al., 1995). Cox12 protrudes into the
IMS, forming a helical hairpin structure stabilized by
two disulfide bonds (Figure 6A), and it is also involved
in interactions at the dimer interface of the COX com-
plex (Figure 6B). On the basis of the structural similarity
between Cox17 and Cox12 and their tendency to oligo-
merize, we speculate that Cox12 may represent a dock-
ing site for Cox17 during copper transfer to CuA,
through heterodimerization between the two mole-
cules.
In conclusion, one conformer of Cox17 is shown to
adopt a coiled-coil structure stabilized by two disulfide
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Figure 6. Comparison between Cox17 and Cox12 Structures
(A) The structures are shown as ribbons. 1
(B) Structural arrangement of Cox12 and Cox2 subunits in the crys- (
tal structure of bovine COX (Tsukihara et al., 1995) (PDB ID 1OCC). n
s
g
pbonds. This conformer binds a single Cu(I) ion in digo-
Mnal coordination. At least one additional conformer
acontaining a higher Cu(I) binding stoichiometry exists.
aThis form has a less-defined tertiary structure and is R
not constrained by disulfide bonds. The major unre- s
solved question is whether the Cu(I) conformer or the τ
toligomeric Cu conformer is the physiologically relevant
aspecies. An alternative view is that both Cu conformers
Care functional in the IMS. The Cu1 conformer may be a sCu(I) donor to Sco1 and Cox11, whereas the polycu- u
prous cluster conformer may be a storage form of Cu(I) e
within the IMS. Future experiments will address the sig- o
2nificance of the two conformers.
e
tExperimental Procedures
Genome Browsing
SCox17 sequences were searched for in the GenBank (http://
Swww.ncbi.nlm.nih.gov/Entrez/) through a PSI-BLAST search (Alt-
pschul et al., 1997). Conserved residues were obtained from multiple
ialignment of Cox17 sequences by using MULTALIN (http://npsa-
upbil.ibcp.fr). Secondary structure predictions were made with the
aPHD method (http://npsa-pbil.ibcp.fr).
a
(Protein Production and Copper Binding
aCox17 and its C23,24S mutant were expressed in E. coli and purified
oas already reported (Heaton et al., 2000). 13C- and/or 15N-labeled
proteins were obtained by growing E. coli cells in either M9 minimal
medium or in Silantes media. The protein samples were kept in
Aanaerobic conditions and reduced by addition of DTT or TCEP. Far-
UV CD spectra (185–250 nm) of WT and C23,24S Cox17 samples
were recorded on a JASCO J-810 spectropolarimeter at pH 7 in 10 T
PmM phosphate buffer in the presence of various concentrations of
DTT. Spectra were smoothed by using adjacent averaging or a FFT filter. Quantitative estimations of the secondary structure contents
ere made by using the DICROPROT software package (Deleage
nd Geourjon, 1993).
Cu1Cox17 was prepared anaerobically by adding stepwise to a
mM WT apoCox17 sample in 1 mM DTT up to one equivalent of
u(I), obtained by reducing a CuSO4 solution with DTT. For the
reparation of Cu4Cox17, 50 M protein solution, in phosphate
uffer pH 7, was incubated for 30 min at 20°C in the presence of 1
M β-mercaptoethanol and five equivalents of CuSO4. The reduc-
ng agent and excess of copper were then removed on a PD10
esalting column (Pharmacia Biotech). The copper content was
hecked through atomic absorption spectroscopy, by using a Per-
in-Elmer 2380 atomic absorption spectrophotometer. UV absorp-
ion spectra of apo and copper-loaded WT Cox17 (3.0 µM, in 20
M ammonium acetate buffer [pH 7.6] at 25°C) were recorded on
Varian CARY3 UV-visible spectrophotometer, and fluorescence
pectra were recorded on a Varian CARY Eclipse spectrofluorime-
er with an excitation wavelength at 300 nm, an excitation slit width
f 5 nm, and an emission slit width of 20 nm.
MR Spectroscopy
ll NMR experiments used for resonance assignment and structure
alculations were performed on 2 mM 13C,15N-labeled WT and
23,24S Cox17 samples in 50 mM phosphate buffer [pH 7.0], con-
aining 10% D2O and 1 mM DTT, and are summarized in Table S1.
All 3D spectra were collected at 25°C on a Bruker Avance Ultra-
hield 700 MHz spectrometer, processed by using the standard
ruker software (XWINNMR) and analyzed through the XEASY
rogram.
The secondary structure elements were derived from the chemi-
al shift index (Wishart and Sykes, 1994), of the 3JHNHα coupling
onstants as obtained from the HNHA experiment (Vuister and Bax,
993). Structure calculations were performed by using DYANA
Güntert et al., 1997). Two hundred random conformers were an-
ealed in 10,000 steps by using NOE and dihedral angle con-
traints. Stereospecific assignments were obtained with the pro-
ram GLOMSA (Güntert et al., 1997). Relaxation experiments were
erformed on 15N-labeled WT and C23,24S Cox17 samples at 500
Hz. The 15N backbone longitudinal (R1) and transverse (R2) relax-
tion rates as well as heteronuclear 15N{1H} NOEs were measured
s previously described (Kay et al., 1992; Grzesiek and Bax, 1993).
2s were also measured as a function of the delays in the CPMG
equence (Kay et al., 1992). The overall rotational correlation time
m value and the rotational diffusion tensor were estimated from
he R2/R1 ratio with the program quadric_diffusion (Brüschweiler et
l., 1995; Lee et al., 1997). The diffusion coefficients of WT apo and
u4Cox17 were measured at 600 MHz through diffusion-ordered
pectroscopy (DOSY) by using a bipolar gradient pulse pair stim-
lated-echo LED sequence (Wu et al., 1995). A 2D IPAP-CBCACO
xperiment (Bertini et al., 2004; Bermel et al., 2005) was recorded
n WT apo and Cu4Cox17 at three different temperatures (5°C,
5°C, and 40°C) on a Bruker Avance 700 MHz spectrometer. The
xperiment is based on 13C direct detection and is appropriate in
he presence of broad line widths.
upplemental Data
upplemental Data including one table reporting the acquisition
arameters for NMR experiments (Table S1) and five figures show-
ng a multiple sequence alignment of yeast Cox17 homologs (Fig-
re S1), the HSQC spectra of WT Cox17 in 1 mM DTT and in the
bsence of DTT (Figure S2), R1, R2, and heteronuclear NOE of WT
poCox17 (Figure S3), the HSQC spectra of Cu1- and Cu4Cox17
Figure S4), and the CBCACO spectra of WT Cox17 in 1 mM DTT
nd of Cu4Cox17 (Figure S5) are available at http://www.structure.
rg/cgi/content/full/13/5/713/DC1/.
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